Materials
CuCl 2 (99 %, Wako Chemical Co., Ltd.), urea (99%, Tokyo Chemical Industry Co., Ltd.), ethylene glycol (99.5 %, Nakalai Tesque, Inc.) were used as received. Water was deionized using a Milli-Q Lab (Millipore) and distilled using an Autostill WG220 (Yamato). CuO nanopowder (d < 50 nm, specific surface area = 29 m 2 g −1 ), 5 % Pt loaded on alumina, and 5 % Rh loaded on alumina were purchased from Sigma-Aldrich, and used as received. Sizes of Pt and Rh nanoparticles on alumina were reported to be 2.5 ± 1.9 nm and 2.6 ± 1.3 nm, respectively [S1] . Nitrogen monoxide (high purity, Taiyo Nissan), carbon monoxide (99.95 %, Taiyo Nissan), and He gas (99.99995%, Taiyo Nissan) purged in high-pressure tanks were purchased, and used for catalysis measurements.
Methods General methods.
Powder X-ray diffractometry was performed using PanalyticalX'pert with CuKα radiation (λ = 0.15418nm) from 20 to 80 degrees. SEM images were obtained using a Hitachi SU-8000 scanning electron microscope operating at an accelerating voltage of 5 kV. TEM images and electron diffraction patterns were obtained using a JEOL JEM-2010F transmission electron microscope operating at an accelerating voltage of 200 kV. Samples dispersed in ethanol were dropped onto a carbon-coated molybdenum grid and dried in vacuum at room temperature. XPS measurements were conducted with Mg K α excitation (VG Scientific, ESCALAB 200-X with ECLIPSE data-system). The binding energy of XPS spectra was calibrated using the C1s peaks (284.5 or 285eV) from a contaminating carbon source. Krypton adsorption and desorption isotherms were measured at −197 °C on a Quantachrome Autosorb 1 sorption analyzer. All samples were outgassed at 250 °C for 3 h prior to the Krypton adsorption measurements. The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method. Differential scanning calorimetry was conducted by a MAC DSC 3100S (MAC Science Co., Ltd.) at 5 °C min −1 under N 2 flow (0.1 L min −1 ) in the range of 30 °C to 600 °C using α-alumina powder as a standard material.
Hydrothermal synthesis of CuO materials.
Equal weight of CuCl 2 (100 mg) and urea (100 mg) were dissolved into water and ethylene glycol (or ethanol), and the solution was stirred to obtain a clear solution. The solution was then transferred into a 25 mL Teflon-lined stainless steel autoclave, sealed, and heated in an electric oven. After the reaction, the autoclave was naturally cooled to room temperature. The product was collected by centrifugation at 3000 rpm for 3 min and washed with distilled water twice and ethanol to remove the excess reactants. Finally, the product was dried in a vacuum and powders were collected for characterization. In case of CuO-1, 9 mL of water and 6 mL ethylene glycol were used as solvent, and the mixture was reacted at 140 °C for 15 hrs. Yield 20 mg (34 %).
Cross-sectional TEM and FIB-SEM.
TEM sample was prepared by using an orthogonally-arranged double beam instrument, in which FIB (focused ion beam) and SEM (scanning electron microscope) are equipped (SII NanoTechnology Inc., SMF-1000). From CuO-1, small fragment of the dimension of several microns was cut, picked up and thinned in this instrument for TEM observation. TEM used in this study is JEOL JEM-2010F with an accelerating voltage of 200kV.
Temperature programmed desorption (TPD) using NO.
Temperature programmed desorption of NO was measured using self-constructed vacuum line equipped with quadropole mass spectrometer (QMAS) gas analyzer (Qulee YTP-50M, Ulvac). Samples (100 mg) were outgassed in vacuum at 195°C for 12 h, and then NO gas (8.5 kPa) was adsorbed at 300K. Then, samples are kept in vacuum, and heated at about 10 °C min −1 from 300 K to 600 K, and simultaneously NO gases desorbed from samples' surface were monitored by QMAS. Note that NO was selected for two reasons. (i) NO does not react with CuO; (ii) NO is not converted into N 2 and/or N 2 O upon CuO in the absence of CO. (ii) NO with a unique molecular weight (30 g mol −1 ) can be isolated from other gasses (CO, CO 2 , N 2 O, NO 2 , H 2 O, N 2 , O 2 ) by QMAS.
Temperature-programmed desorption (TPD) using 15 NO. Temperature-programmed desorption of 15 NO ( 15 NO-TPD) was conducted using the same apparatus which provided the 14 NO-TPD data (Fig.3 ). An isotope of 14 NO, 15 NO, was used as the probing gas to examine the possible desorption of the other nitrogen oxides than NO (mass number: 30) from the CuO materials: N 2 O (mass number: 44) and/or NO 2 (mass number: 46). The signal of 15 N 2 O (mass number: 46) and/or 15 NO 2 (mass number: 47) were efficiently separated from the background signal of CO 2 (mass number: 44), which came from the sample holder.
Temperature-programmed reduction (TPR) using CO.
Temperature-programmed reduction (TPR) was conducted over CuO-1 using CO as the probing gas. TPR data was acquired using an automated chemisorption analyzer (Autochem II Chemisorption Analyzer, Micromeritics). Samples (50 mg) were heated at a ramping rate of 4 K min −1 from room temperature to 873 K, in a flow of 1 % CO/He gas (50 ml min −1 ).
Scanning probe microscopy.
CuO-1 (ca. 1 mg) suspended in ethanol (5 ml) was softly broken by spatula. Then 1 drop of supernatant solution was dropped on a glass substrate, which is supplied for DFM measurement. DFM images were obtained using a commercial DFM unit (SPA-400-SPI4000, Seiko Instrument Inc., Chiba, Japan) equipped with a calibrated 20-μm xy-scan and 10-μm zscan range PZT-scanner. AFM images were taken in dynamic force mode (DFM mode, i.e. tapping mode) at optimal force. A rectangular-shaped silicon cantilever (SI-DF-20, Seiko Instrument Inc.), with a spring constant of 13 N m −1 and frequency resonance of 133 kHz, was used for imaging. Height of images was estimated using accessory software supplied with the scanning probe microscope.
NO remediation catalysis.
NO remediation reaction was performed over the catalyst in a circulating-gas reactor equipped with a gas chromatograph (Shimadzu GC-8A). The catalyst was vacuum-dried in the reactor prior to the reaction. A mixture of NO (5.00 kPa) and CO (5.00 kPa) was then circulated through the catalyst at different temperatures. The formation of N 2 O and CO 2 was monitored at each temperature with the gas chromatograph.
The possible reaction paths for the NO remediation are
The initial number of the NO and CO molecules in the circulating reactor, N (constant), is given by
where N C , N N and N O denote the number of carbon, nitrogen and oxygen atoms involved in the reaction, respectively.
The numbers of the atoms are always retained in the circulating condition:
where N CO , N CO2 , N N2O , N N2 and N NO correspond to the number of CO, CO 2 , N 2 O, N 2 and NO, respectively, in a given volume of the circulating reactor.
From the equations (1), (2), (3) and (4) we obtain
The number of the gas molecules in a given volume of the reactor is proportional to the peak area of the corresponding output signal from the gas chromatograph, Δ gas :
CΔ gas = S gas N gas (8) (C = V/RT; R = gas constant, T = 300 (K), V = volume of the circulating reactor)
Here the proportionality constant, S gas , was determined as the ratio between the known pressure of the gas and the corresponding peak area:
S CO -ratio of the peak area to the partial pressure of CO = 0.22847 kPa -1 S NO -ratio of the peak area to the partial pressure of NO = 0.21674 kPa -1 S CO2 -ratio of the peak area to the partial pressure of CO 2 = 0.26502 kPa -1 S N2O -ratio of the peak area to the partial pressure of N 2 O = 0.24063 kPa -1 S N2 -ratio of the peak area to the partial pressure of N 2 = 0.22516 kPa -1
The output signals from the GC were integrated to obtain the peak area. As given in Chart S1, the area for the first signal, Δ 1 , corresponded to a mixture of NO, CO and N 2 gases. The second-and third signals, Δ 2 and Δ 3 , corresponded to CO 2 and N 2 O, respectively. Chart S1. Gas Chromatograph output signal for NO remediation reaction and its corresponding step function graph.
By using equation (5), (6), (7) and (8) we obtain
Combining (6), (7), (10) and (11), we obtain
From (5) and (9) we obtain
The remediation rates of NO to N 2 O and N 2 were finally calculated as 2N N2O /N ( (14) & (16)) and 2N N2 /N ((15) & (16)), respectively. Figure S1 . SEM images of CuO materials prepared by various hydrothermal conditions A-N. Condition C is the optimized condition used for the preparation of CuO-1. Note that samples shown in D, E, F, G, K, and L involve light-green compounds, which are assigned to be Cu(OH) 2 by pXRD. CuO materials prepared by the conditions A and B are named as CuO-3 and CuO-4, respectively, and their NO purification catalytic data is shown in Figure S15 . Figure S2 . FIB-SEM images of CuO-1 revealing its interior structure. The thin single crystals spontaneously intersected one another to form a highly porous assembly. Supporting movie is also available online. Figure S5 . Krypton adsorption isotherms of CuO-1 and CuO-2.
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Estimated specific surface area of CuO plate
Specific surface area of CuO plate is estimated as shown in Table S1 . Regardless of the values of r 1 and r 2 , the specific surface area is highly dependent on the parameter of thickness L. In case of r = 1 μm and L = 20 nm, the estimated specific surface area is 16.2 m 2 g −1 , which is close to that of CuO-1 measured by Kr adsorption. This result indicate that interior of CuO-1 is accessible by gas molecule. d: density of CuO (= 6.315 ×10 6 g m −3 ) r 1 : semi-major axis (m) r 2 : semi-minor axis (m) L: thickness of CuO plate (m) Table S1 . Estimated specific surface area of CuO-place with various parameters of radius (r 1 , r 2 ) and thickness (L). Figure S1A and S1B, respectively. Figure S1A and S1B, respectively. Figure S20 . 15 NO-TPD profiles for the CuO materials. Red, green and blue curves correspond to the signals of 15 NO 2 , 15 N 2 O and 15 NO, respectively. Note that neither N 2 O nor NO 2 was desorbed from the surface of the CuO materials, which demonstrated that the surface of the CuO materials retained their chemical composition during the TPD measurements. Figure S21 . Temperature-programmed reduction (TPR) profile for CuO-1. CO was used as the probing gas. Model construction. The relaxed unit cell was extended to construct surface models. In the case of a {001} facet, a 80-atom slab model was created by extending the 8-atom unit cell with 10 Å thickness of a vacuum region (L vac ): the lattice vectors of the supercell are described as A 1 = a 1 , A 2 = 2a 2 , and A 3 = (5+L vac /|a 3 |)a 3 where a 1 , a 2 , and a 3 are the lattice vectors of the 8-atom primitive cell. For modeling {100} surface, we have created a slab with the lattice vectors described as A 1 = 2a 2 , A 2 = a 3 , and A 3 = (5+L vac /|a 1 |)a 1 . These surface structures were fully relaxed untill the residual forces were converged to less than 0.02 eV/Å where the mid three layers of each slab were fixed to represent a bulk region. The k-points were sampled at 2×2×1 Monkhorst-Pack sets.
Theoretical calculations
Surface energy. The surface energy (γ) was calculated from the following formula.
where E slab is the total energy of the slab and E bulk is the total energy of the bulk per unit. N and A are the number of units included in the slab and the surface area. The obtained surface energies are 1.70 J/m 2 and 1.56 J/m 2 for {001} and {100}, respectively. The result clearly indicates that the {001} facet has a higher surface energy, and is considered to be more reactive surface as evidenced by our experimental results.
Molecular adsorption energy. The adsorptin of CO and N 2 molecules on each surface was also investigated from our DFT+U calculations. These molecules were initially placed above an under-coordinated oxygen atom on the surface where the C-O surface distance was set to the bond length of a CO molecule (1.12 Å), while the N-O surface distance was set to the bond length in a dinitrogen monooxide (1.18 Å). These surface structures with adsorbates were relaxed in the same way as the clean surfaces. The relaxed geometries of the CO adsorped surfaces for {001} and {100} are depicted in Figure 1A and 1B, respectively. Oxygen deficient surfaces were also prepared to investigate the desorption of CO 2 . The total energies of the slab models with adsorbate molecules and oxygen vacancies are described by E tot ( Similarly, the adsorption energy of a N 2 molecule on an ideal surface was found to be much higher on the {001} facet (2.23 eV) than on the {100} facet (-0.06 eV). These results clearly indicate that exposing the
